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We propose an effective model to describe the A2g signal in Raman scattering experiments in the URu2Si2
compound. We follow the scheme proposed earlier by D. V. Khveshchenko and P. B. Wiegmann [Phys. Rev. Lett.
73, 500 (1994)] to calculate the A2g scattering vertex. We extract the imaginary part of the two-point current-
current correlation function and compare it directly with the Raman response. We obtain an inelastic peak at
the A2g channel owing to the interplay between a local staggered ordering and a possible quantum spin liquid
behavior. Our results offer an explanation for the electronic Raman scattering experiments at the hidden order
phase in the URu2Si2 compound [Buhot et al., Phys. Rev. Lett. 113, 266405 (2014)].
DOI: 10.1103/PhysRevB.101.205114
I. INTRODUCTION
The hidden order (HO) state of the heavy-fermion com-
pound URu2Si2 takes place at the critical temperature of T0 ≈
17.5 K [1–3]. Measurements of bulk thermodynamic and
transport properties [1,2,4] reveal that this state arises due to
a second-order phase transition from an initial paramagnetic
state. According to the Landau classification for second-order
phase transitions, there must be an order parameter that as-
sumes a nonzero value in the new state, as well as a symmetry
that must be spontaneously broken that is associated with this
transition. However, until now, it has not been discovered
which order parameter or symmetry is associated with this
state, and in view of that, it has been called the hidden order
phase. Many theoretical propositions as well as a vast arsenal
of experimental techniques have been proposed and employed
to investigate and characterize the HO states over the years
[3,5].
Recently, Raman scattering has been one of the new exper-
imental probes employed to investigate the HO phase [6,7].
Raman scattering proved to be a powerful experimental tech-
nique to understand and characterize the physics of strongly
correlated systems [8]. This technique has been used in the
investigation and characterization of elementary excitations
in high-temperature superconductors [9–12], in iron-based
compounds [13,14], in heavy-fermion systems [6,7,15], and
in two-dimensional spin liquid candidates [16,17].
References [6,7] found that the HO is characterized by
a sharp excitation at 1.7 meV and a gap at the electronic
continuum below 6.8 meV. These signatures are of pure A2g
symmetry. Buhot et al. [6] concluded that the presence of this
signal is compatible with a scenario in which the Brillouin
zone (BZ) is folded from a body-centered-tetragonal (bct)
to a simple tetragonal (st) lattice taking place at the HO
transition. Such a scenario was also shown to be consistent
with data from angle-resolved photoemission spectroscopy
[18,19]. Additionally, Kung et al. [7] also reported the pres-
ence of an additional signal in the A1g channel. They argued
that the A1g signal is the result of a spontaneous symmetry
breaking occurring at the HO phase transition on the crystal
field scheme of the uranium site. Then, they concluded that
the order parameter has a chiral nature and defined this new
ordered state as a commensurate hexadecapolar phase [20].
These two experimental studies provide new limitations to the
current theories to explain the HO and prompt the urgency of
having a theoretical analysis based on Raman experiments.
In this paper, we propose an effective tight-binding model
for URu2Si2 that explicitly considers the interplay between
a spin liquid and a local staggered order phase and their
signatures in the channel-dependent Raman spectra. The ex-
istence of stable antiferromagnetic (AFM) and spin liquid
(SL) phases in a bct lattice structure with direct implica-
tions for URu2Si2 was previously discussed in Ref. [21].
Both states display lattice translation symmetry breaking from
bct down to st. Here, by using the symmetry classification
proposed by Harima et al. [22], we relate each phase to a
specific spatial symmetry group. In order to compare our
theory with Raman experiments, we compute the two-point
current-current correlation function in the A2g symmetry. We
construct the A2g vertex by implementing the scheme put
forward by Khveshchenko and Wiegmann [11] in the context
of the high-energy Raman scattering in Mott insulators. Here,
following those authors, we assume that the energies of the
incident and scattered light are much larger than the widths
of relevant electronic bands that, by themselves, allow us to
assume a resonant process. With this assumption, the Raman
cross section is written in terms of the ground-state correlation
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function of the scattering tensor M̂A2g . This scattering tensor is
proportional to the current-current response function.
Our findings show that, as we tune the parameters that
produce lattice symmetry breaking, we reproduce the sharp
peak in the A2g symmetry at ω ≈ 1.7 meV, and this is verified
only if we necessarily allow for the interplay between the local
staggered order and a spin liquid state. The tail of the sharp
peak starts to appear at ω ∼ 20, where 0 is the parameter
that defines a local staggered order, and its intensity is con-
trolled by the magnitude of the spin liquid parameter. This
result is in reasonable agreement with the sharp response
observed at A2g symmetry in URu2Si2 [6]. Our work is linked
to the earlier studies by Pépin et al. [23] and Thomas et al.
[24] and offers a natural way of integrating the HO and AFM
effects in a realistic localized treatment.
The outline of the paper is as follows. Section II presents
our model. We introduce the effective Hamiltonian with the
specific parameters that take into account the possible phases
and its respective space groups. Section III describes how we
can obtain the signal for the A2g symmetry and also presents
our numerical results. We finish this section by discussing
the connection between the real experimental findings for
URu2Si2 at the A2g symmetry and our theoretical prediction
from the spin liquid scenarios of our model. Finally, Sec. IV
presents our conclusion and summarizes our most significant
results.
II. THE MODEL
We start with an effective tight-binding model which can
be derived from the J1-J2-J3 Heisenberg model on the bct
lattice presented in Ref. [21]. In this model, J1 is the exchange
interaction between the nearest-neighbor interlayer sites, and
J2 and J3 are exchange interactions between nearest- and
next-nearest-neighbor intralayer sites, respectively. The main
ingredient to stabilize the spin liquid phases is the presence of
frustration. The phase diagram of this model contains regions
of magnetic instability [25], and in addition, the classical
magnetic states have an extreme degeneracy, which prevents
long-range magnetic order at T = 0. By using a slave-boson
approach [21,23,24], it is possible to write the spins in terms
of complex fermion operators and to define, accordingly,
three order parameters with a mean-field decoupling. The
resulting effective model hosts low-energy excitations that
characterize a spin liquid [modulated (MSL) or chiral (CSL)]
or a local staggered order (LSO) ground state. This effec-
tive phenomenological model can also emerge for a realistic
microscopic approach when correlations stabilize spin liquid
states [21,23] or any other commensurate order with a folded
Fermi surface, such as spin-interorbital density waves [26],
Fermi surface instability [27], and spin-density waves [28]. In
this work, we do not consider further effects of fluctuations on
top of those correlated effects already mentioned. Instead, we
focus on the low-energy Fermi-liquid-like excitations of these
states with the specific bct lattice symmetry breaking.
The effective Hamiltonian, after the mean-field decou-
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FIG. 1. Schematic representation of the four possible ordered
states that we consider in our model. (a) Paramagnetic state with full
bct lattice structure, space group number 139. (b) Antiferromagnetic
state with a simple tetragonal lattice, space group number 123.
(c) Modulated spin liquid space group number 126. (d) Chiral spin
liquid phase space group number 128.
and it describes spinless fermions moving throughout the sites
of a bct lattice by the action of a kinetic hopping term ti j .
Here, c†i and ci are the creation and annihilation operators
of a spinless fermion at a given site i at position Ri. These
spinless fermions are simply spinons in a deconfined phase
[29–32]. The parameter ε0 adjusts the chemical potential,
while 0 defines the LSO associated with this local on-site
order parameter. Due to the factor (−1)i that multiplies 0,
the sign alternates between neighboring layers [see Fig. 1(b)].
The hopping ti j connects nearest-neighbor sites on the bct and
breaks the bct lattice symmetry down to the simple tetragonal
lattice, and it can assume either real or complex values.
If ti j is complex, we define it as ti j = t1 ± ic between
nearest-neighbor interlayers. The imaginary part relates itself
to the CSL by the gap parameter c. The sign choice in ti j
refers to the incoming (+) or outgoing (−) link orientation
character between two neighboring sites on different planes.
Therefore, the CSL phase describes loop currents between
different interlayer sites, as can be seen from Fig. 1(d).
If ti j is real, we define it as ti j = t1 ± m between nearest-
neighbor interlayers. The gap parameter m stands for the
MSL phase. The choice of plus (dashed red line) or minus
(solid black line) sign represents the different bonds between
neighboring sites at different planes. Thus, our MSL phase
describes alternate bonds between interlayer neighboring sites
[see Fig. 1(c)]. Moreover, we assume the presence of ho-
mogeneous hopping t2 and t3 for intralayer nearest-neighbor
and next-nearest-neighbor sites [see Fig. 1(a)]. We do not
investigate the possibility of an in-plane order in different
lattice symmetry-breaking scenarios.
In the Table I, we summarize the different spatial groups
of each phase of our model. Concerning the space group
symmetry analysis of Harima et al. [22], we start in the
205114-2
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TABLE I. Summary of the phases of our model and the point symmetry group to which each one belongs. We determine whether or not
the point groups break the symmetries of D4h. The symmetries are time reversal (T ), inversion (I), rotations of π/2 (C4), and reflections (Pxy)
related to the xy plane.
Phase
Paramagnetic Local staggered order Modulated spin liquid Chiral spin liquid
Label in Fig. 1 (a) (b) (c) (d)
Space group No. 139 (D4h, I4/mmm) No. 123 (D4h, P4/mmm) No. 126 (D4, P4/nnc) No. 128 (C4h, P4/nmc)
Set of parameters 0 = m = c = 0 0 = 0, m = c = 0 0 = 0 or 0 = 0, 0 = 0 or 0 = 0,
m = 0, and c = 0 m = 0, and c = 0
Lattice bct st st st
T yes yes yes no
I yes yes no yes
C4 yes yes no no
Pxy yes yes no yes
framework of a normal paramagnetic state with the bct lattice
associated with space group number 139 (I4/mmm, D4h). The
phase transition from PM to HO lowers the lattice symmetry
from the bct to st lattice by making the Z and  points of the
first Brillouin zone of the bct and st connected by a nesting
commensurate vector Q, as signaled by neutron scattering
experiments [33–35]. This nesting commensurate vector Q =
(1, 0, 0) characterizes the low-energy excitations and is the
main feature that distinguishes HO from AFM phases of
URu2Si2 when pressure is applied. A sharp excitations at Q
appears in the hidden order phase and disappears when en-
tering the AFM [33,34]. This result is also in agreement with
Shubnikov–de Haas measurements [36]. Moreover, the sharp
peak obtained by Buhot et al. with Raman scattering matches
the neutron resonance at Q [6]. Here, we take Q = (0, 0, 1).
We assume three possible different st space groups are can-
didates for the HO. (i) Space group number 123 (P4/mmm,
D4h) characterizes the LSO phase. (ii) Space group number
126 (P4/nnc, D4) is for MSL. (iii) Space group number 128
(P4/mnc, C4h) characterizes the CSL state. Moreover, the
selection rules in a Raman spectroscopy experiment for point
groups D4 and C4h have the same selection rules as the initial
mother space (point) group D4h [22].
We can diagonalize the Hamiltonian in Eq. (1) by a Fourier






where the sum in k runs over the first BZ of the bct lattice
and N is the number of lattice sites; we write down the
Hamiltonian in k space with a folded BZ from the bct to the







However, the sum in k now runs over the first BZ of the st





†(k) ε(k + Q)
)
, (4)
where ε(k) = ε0 + t1γ1 (k) + t2γ2 (k) + t3γ3 (k) is the disper-
sion in one band and (k) = 0 ± iSL fSL (k) is the gap
between different bands connected by the wave vector Q. The
parameter SL refers either to the modulated (m) or to the
chiral (c) spin liquid and the plus or minus sign is for CSL
or MSL, respectively. We define the structure factor fSL(k) for
each SL phase as
































The other structure factors are
















γ2 (k) = 2[cos(kxa) + cos(kya)], (8)
γ3 (k) = 4 cos(kxa) cos(kya), (9)
with a and c being the st lattice constants (for derivations of
the above equation see Appendix A). From Eq. (4) we extract
the dispersion relations










which are defined in the st Brillouin zone.
In terms of discrete symmetries, our model has time-
reversal T , inversion I, and fourfold C4 (π/2) rotations and
two reflection symmetries with respect to the planes Px/y. The
T invariance requires T −1H (k)T = H (−k), which means
that (k) = †(−k). This condition is satisfied in the MSL
case. For the CSL phase, we automatically break the time-
reversal symmetry. Concerning the C4 (π/2) rotations, both
MSL and CSL break rotational symmetry, in accordance
with torque measurements [37]. The MSL phase breaks the
reflection symmetry with respect to the plane Pxy, while CSL
preserves that rotation symmetry.
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III. THE RAMAN SIGNAL IN A2g SYMMETRY
In this section, we analyze the Raman scattering exper-
imental signatures of the phases presented in the previous
section, i.e., the paramagnetic, the local staggered order, the
modulated spin liquid, and the chiral spin liquid states.
The full electronic Raman response includes additive con-
tributions from the nonresonant, mixed, and resonant pro-
cesses. Each of these processes corresponds to a specific order
in perturbation theory of the light-matter interaction [8,38],
and each symmetry may have contributions from all Raman
scattering processes. Experimentally, the distinction between
the nonresonant and resonant processes is associated with
the energy scales of the light source used in the experiment.
The nonresonant case occurs when the energy of the incident
or scattered photon is smaller than the energy gap between
different neighboring bands in the system. When this is not
the case, we refer to the resonant case [9,39]. Few works
have taken into account the three contributions because of the
complexity in computing the mixed diagrams, which involve
three-particle susceptibilities, and resonant diagrams, which
involve four-particle susceptibilities. For instance, in Ref. [38]
the authors were able to compute the three contributions.
The usual treatment of Raman scattering in several works
takes into account only the standard effective mass approach
[8,40], which comes from the nonresonant contribution. The
effective mass approximation is appropriate for describing
most of the Raman spectra, including A1g, B1g, and B2g sym-
metries. However, it is well established that this approxima-
tion does not give any A2g signal. Since the Raman signatures
of the hidden order state in URu2Si2 are in the A2g channel,
we work directly in the resonant scattering framework. We
compute the A2g response making use of an appropriate vertex
which goes beyond the effective mass approximation [11].
A. Current-current correlation function
The Raman cross section can be written in terms of the
ground-state correlation function of the scattering tensor,
which is proportional to the equal-time current-current com-
mutator. We define the scattering operator as
M̂μν (q, τ ) = [ ĵμ(q, τ ), ĵν (q, τ )], (11)
where μ (ν) = x, y, z, q is the momentum exchanged during
the scattering process, and τ is the imaginary time. The
current operator ĵ is written as







R (k)k−q/2(τ ). (12)
Here, γ̃μR (k) is the matrix that originates from the derivatives
of H(k) with respect to a momentum component kμ. The
index R refers to the resonant contribution. We can extract the
signal for A2g symmetry by computing the correlation function




×〈Tτ (M̂A2g (q, τ )M̂A2g (−q, 0))〉. (13)
Tτ is the imaginary time-ordering operator, and V is the
volume of the BZ. The scattering operator in the A2g symmetry
is written as M̂A2g (q, τ ) = M̂xy(q, τ ) − M̂yx(q, τ ). For other
symmetries, like A1g (x2 + y2), B1g (x2 − y2), and B2g (xy),
the scattering operator defined in Eq. (11) involves other
combinations of the x and y directions [41]. At this point we
can make q → 0 without loss of generality, and then, we find
that








R (k)G(k; iνn + iωm)
× γ̃ A2gR (k)G(k; iνn)
]
. (14)
We use the finite-temperature representation of Matsubara
Green’s functions [42], where β = 1/kBT is the usual inverse
of the temperature, and ωm = 2mπ/β is the bosonic Mat-
subara frequency. We perform the analytical continuation in
the frequency domain iωm → ω + iδ and extract the imagi-
nary part of the correlation function as the Raman response.
The parameter δ is defined as a small scattering rate. The
Green’s functions are expressed in terms of the elements of
the eigenbasis, i.e., G±(k; iνn) = 1/[iνn − E±(k)]. E (k) is
the eigenvalues introduced in Sec. II, and νn = (2n + 1)π/β
are the fermionic Matsubara frequencies. As a result, we
obtain a new vertex for the A2g symmetry that is different from













The above definition is essentially the commutator between
the first derivatives of H(k) with respect to the kx and ky
components. Notice that γ̃A2gR (k) can be nonzero because H (k)
is a 2 × 2 matrix (see Appendix B). Since the resonant Raman
process requires a fourth-order vertex [39], by inspecting our
correlation function in Eq. (14), it is easy to verify that this
requirement is automatically satisfied. In addition, using the
definition of the scattering operator M̂μν given in Eq. (11) and
the current operator in Eq. (12), the final vertex representation
for other irreducible symmetries such as A1g, B1g, and B2g
vanish identically. The Raman activity of these symmetries is
indeed well described by the nonresonant contribution and can
be taken into account by using the effective mass approach.
Our objective here is to account for the A2g Raman response
in the hidden order state. We thus focus on the A2g signal that
emerges from resonant contributions.
B. Numerical calculations
In this section, we evaluate numerically the correlation
function given by Eq. (14). Our numerical results were ob-
tained by calculating a multidimensional Monte Carlo k inte-
gration over the first Brillouin zone of the simple tetragonal
lattice with a routine from the open packages of the GNU
Scientific Library [43]. We take the zero-temperature limit,
i.e., T → 0, and keep t1 nonzero and equal to 1.0 to set
the scale for other parameters. This value of t1 leads to a
bandwidth of 8t1 meV, which guarantees that we are using
the correct energy scale compatible with the HO temperature
T0 ≈ 17.5 K. The factor of 8 results from the bct lattice
coordination number. This particular value of the bandwidth
is for the spinless fermions in our effective model. In a more
realistic calculation with real heavy conduction electrons,
these bandwidths can be even larger. However, accounting
205114-4
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FIG. 2. The Raman response in A2g symmetry displays an in-
elastic peak for (a) modulated spin liquid and (b) chiral spin liquid
phases. We have set the parameters in (a) as m = 0.1 and 0 = 0.6
and in (b) as c = 0.065 and 0 = 0.72, such that the maximum of
the peak coincides with ω ≈ 1.7 meV (insets), i.e., the experimental
value of the position of the A2g peak. A nonzero A2g response is
observed only for nonzero values of SL: χ ′′ is identically zero for
the PM (orange squares) and LSO (green stars) states. For the MSL
and CSL phases, the threshold of χ ′′ starts at ω = 20.
for such an effect would require a Kondo-like Hamiltonian,
as described in Ref. [44]. This analysis is outside the scope
of this present work. Furthermore, for the sake of simplicity,
we assume ε0 = 0 since this parameter does not show any
quantitative or qualitative influence in our results.
Figures 2(a) and 2(b) focus on the Raman response for the
modulated spin liquid and the chiral spin liquid, respectively,
compared to the paramagnetic and local staggered order state
responses. In both spin liquid states, the Raman response in
the A2g channel produces an inelastic peak whose maximum
position can be set at 1.7 meV, the experimental value. The A2g
responses of the paramagnetic state (when only the hopping
t1 is nonzero, orange squares) and LSO (when only t1 and
0 are nonzero, green stars) are identically zero. These two
(a) (b)
(d)(c)
FIG. 3. Raman response in the A2g symmetry in the MSL phase
(space group number 126). m varies from 0.0 up to 3.0 while
keeping 0 fixed to (a) 0.2, (b) 1.0, (c) 3.0 and (d) 10.
curves are superimposed on the zero value of χ ′′(ω). Except
for nonzero values of the parameter 0 and one of SL, i.e.,
in the spin liquid states, the threshold of the inelastic peak is
precisely at ω = 20.
In Figs. 3 and 4, we show the Raman responses of the
modulated spin liquid and the chiral spin liquid, respectively,
for different sets of parameters. In Figs. 3(a)–3(d) and 4(a)–
4(d), we vary the values of SL while keeping 0 constant.
For both liquid states, we demonstrate that the A2g Raman
response shape is due to a combination of the parameters
0 and SL. For SL = 0.2 and whatever 0, the Raman
response is small, of the order of 10−2, as shown in Fig. 2; this
is a much smaller response than what is obtained for SL = 1
(a) (b)
(c) (d)
FIG. 4. Raman response in the A2g symmetry in the CSL phase
(space group number 128). As in Fig. 3, we vary the values of c
from 0.0 up to 3.0 while keeping 0 fixed to (a) 0.2, (b) 1.0, (c) 3.0,
and (d) 10.
205114-5
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or 3 shown in Figs. 3 and 4. As mentioned, the inelastic peak
starts to manifest itself precisely at ω = 20. Moreover, SL
controls the maximum intensity of the peak as well as its
position. Then, a combination of 0 and SL controls the
width of the peak. Particularly, the smaller the value of 0
is, the broader the peak is. These qualitative conclusions were
useful for the correct adjustment of the parameters chosen
in Figs. 2(a) and 2(b) to obtain qualitative agreement with
the experimental data of URu2Si2. This naturally leads us to
choose 0 = 0.6, for the MSL and 0 = 0.72 for the CSL
while choosing to keep a small value for SL in both cases.
C. Comparison with URu2Si2
The electronic Raman scattering data [6,7] showed that
there is an electronic continuum below 6.8 meV in the
A2g symmetry. At the phase transition to the hidden order
phase, this continuum opens a gap. A sharp A2g excita-
tion appears inside this electronic gap in the hidden order
phase. In comparison with these experimental results, our
calculations find a nonzero inelastic signal in the A2g chan-
nel, both in the modulated and chiral spin liquid phases.
But the purely local staggered order phase gives rise to a
zero signal. As already mentioned, our calculations based
on resonant processes do not produce any signal in symme-
tries other than A2g. The Raman response in other channels
would be produced by using the nonresonant effective mass
approximation [8].
The Raman signature we obtain in the A2g symmetry is in
qualitative agreement with the sharp inelastic excitation that
was experimentally observed by Buhot et al. [45]. In Figs. 2(a)
and 2(b), we show this inelastic peak for specific values of
0, 0.6 in the MSL phase and 0.72 for the CSL phase. With
these values, we can adjust the peak to appear at 1.7 meV,
which is the experimental value where the sharp excitation
was observed. Our A2g peak is qualitatively consistent with the
experimental results, although there is an intrinsic broadening
from our calculations making our peak wider than what was
observed experimentally. However, we have to keep in mind
that our theoretical calculations are obtained from an effec-
tive tight-binding model. The consideration of supplementary
interaction terms within a standard random-phase approxima-
tion from our noninteracting result could naturally provide a
narrowing of this peak.
The origin of an inelastic peak suggests the presence of
well-defined quasiparticles. In the framework of the cuprate
systems [46], the A2g symmetry is associated with the appear-
ance of elementary excitations in which quantum fluctuations
destroy the Néel order. These elementary excitations have a
strongly chiral nature [11,32,47]. Such a scenario favors the
choice of a chiral spin liquid as the natural candidate for the
appearance of such excitations. Moreover, in their analysis,
Harima et al. [22] suggested that space group number 128
is incompatible with the nuclear resonance experiments on
URu2Si2. Additionally, space group number 128 is compatible
with the commensurate chirality density wave state discussed
in Kung et al. [7]. In contrast, the proposition of a modulated
spin liquid [23,24] as a candidate for HO is based on breaking
a fourfold rational symmetry which was detected in the HO
phase from susceptibility measurements [37]. Furthermore, a
modulated spin liquid scenario is also compatible with other
experimental investigations of the HO phase, such as Hall
data [48], thermal conductivity [49], and quantum oscillations
[50]. From our study, we cannot attest to which phase is the
best to describe the HO since our results show no distinction
between the MSL and CSL phases.
Given that the A2g signal is observed only when one of the
parameters for spin liquid states is active together with the 0
parameter, we rule out the purely commensurate LSO state
as the main source for the Raman A2g signal. Moreover, it
suggests that there might be at least an interplay between the
LSO phase and a MSL or CSL phase. In fact, propositions of a
supervector order parameter, which accounts for the interplay
between HO and the large moment antiferromagnetic (LMAF)
phase in the URu2Si2, have already been put forward [51,52].
However, without considering such sophisticated phenomeno-
logical models, we provide in a relatively simple effective
theory a plausible description that the HO and LMAF phases
are intricately connected to each other, although our results
take into account a specific experimental signature provided
by Raman scattering experiments.
On the other hand, the electronic continuum in the A2g
symmetry is not reproduced by our calculations. The inclusion
of the effects of fluctuation of the parameters that characterize
each phase in our model might remedy this problem. In
addition, to make it clear that the phases considered here
are indeed spin liquid states one could compute spin-spin
correlations to show that both spin liquid states present a
decay in the spin correlations, indicating the absence of
long-range order. Another experimental possibility is to study
the A2g Raman signal under pressure. In this respect, a full
track of the A2g signal could be obtained from the HO to
the AFM phase. We expect that the Raman signal under
applied pressure reproduces a signal owing to only the com-
mensurate local staggered order. Thus, in the high-pressure
AFM phase suppression of the peak in the A2g channel
is predicted.
Finally, we note that our work is relevant in the context
of recent Raman experiments which had not been considered
in the point group symmetry analysis by Harima et al. [22].
For instance, a recent work in which the authors reported
nuclear magnetic resonance measurements on URu2Si2 [53]
based on a group theory analysis concluded that the hidden
order state belongs to point group P4/nnc and the electronic
state is a rank 5 odd-parity electronic dotriacontapolar order
with a commensurate ordering wave vector Q = (0, 0, 1).
This result indicates that a phase similar to the modulated spin
liquid [23,24] might be the strongest candidate to describe this
mysterious phase of matter.
IV. CONCLUSIONS
We presented an effective model to describe the Ra-
man scattering experiments in systems that display a body-
centered-tetragonal lattice. We investigated the connection
of two different spin liquid states in a bct lattice structure
to the emergence of a Raman signal in the A2g symmetry
which was experimentally observed in URu2Si2 [6,7]. The
essential ingredient to generate a Raman signal in the A2g
symmetry is the interplay between a local staggered order,
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which can be, in principle, associated with the AFM observed
in URu2Si2 under high pressure, and a modulated or chiral
spin liquid phase that could describe the hidden order state.
In all cases, we reproduced the A2g feature [6,7] observed by
Raman scattering experiments and found that both spin liquid
states (modulated and chiral) present similar Raman responses
by displaying an inelastic A2g peak. Last, a clear distinction
between the narrow peak and the gap in the A2g symmetry is
still to be addressed in future work.
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APPENDIX A: THE DISPERSION RELATIONS
The purpose of this Appendix is to clarify the derivations
of the two structure factors fm (k) and fc (k) for the MSL and









i c j . (A1)
The sum in the lattice sites is associated with the bct lattice.
The Hamiltonian has two parts, H = H0 + Ht , where H0 =∑
i[εo + 0(−1)i]c†i ci and Ht =
∑
〈i, j〉 ti jc
†
i c j . Let us concen-






i c j . (A2)
We carried out the calculation for a general hopping ti, j , and
in the end we will concentrate on only the first interplane
neighbors since the in-plane relations can be derived in the
same fashion as in the square lattice. For interplane hopping,
we have
ti j = t1 ± ic (A3)
and
ti j = t1 ± m. (A4)
The plus or minus sign takes into account the nature of the link
between two sites, as explained in Sec. II. With the Fourier










′ )·Ri ERi (k
′), (A5)
where ERi (k
′) = ∑δ ti,i+δeik′ ·δ, with j = i + δ, where δ is a
first-neighbor vector. The sum in k runs over the first Brillouin
zone of the bct lattice. The next step is to split the sum in
the bct BZ into a sum of two tetragonal lattices, where we
assumed that the bct is bipartite in sublattices A and B. We







































′ )·Ri ERi (k
′ + Q).
(A6)
Now the sums in k runs over the st lattice, while the sums in i
run over the bct lattice.
We can also split the sum in the bct lattice into a sum of
sublattices A and B. This requires that ti,i+δ = tAδ if Ri ∈ A
or ti,i+δ = tBδ if Ri ∈ B. The condition tBδ = (tAδ )∗ preserves
the Hermiticity of the Hamiltonian, which gives us the relation
EB(k′) = [EA(k′)]∗. We know that 1N
∑
Ri e
−i(k−k′ )·Ri = 12δkk′
and e−iQ·Ri = ±1 if Ri belongs to A and B, respectively.




















c†kck+Q[E (k + Q) − E∗(k + Q)]. (A7)






















By taking the definition of E (k), together with the definition
of the hopping ti, j and the wave vector Q = {1, 1, 1}, we can
recognize the following terms:
E (k) + E∗(k)
2
= t1γ1 (k) + t2γ2 (k) + t3γ3 (k), (A10)
E (k + Q) + E∗(k + Q)
2
= −t1γ1 (k) + t2γ2 (k) + t3γ3 (k),
(A11)
E (k + Q) − E∗(k + Q)
2
= ±i8SL fSL (k), (A12)
E (k) − E∗(k)
2
= ∓i8SL fSL (k). (A13)
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FIG. 5. The bct lattice with its eight first neighbors interplane.
The values of each unitary vector are δ1 = (a/2, a/2, c/2), δ2 =
(−a/2, a/2, c/2), δ3 = (−a/2, −a/2, c/2), δ4 = (a/2, −a/2, c/2),
δ5 = −δ1, δ6 = −δ2, δ7 = −δ3, and δ8 = −δ4.
Notice that we change the choice of sign in the last two
equations as a consequence of the ordering wave vector Q.
If we add the contribution from 0 and ε0, we recover the
H(k) matrix in Eq. (4) defined in Sec. II.
We would like to highlight the derivation of k dependence
in (k). We take the first-neighbor interlayer, and in this case,
the sum in δ takes into account the interlayer of eight different
neighbors in the bct lattice, represented in Fig. 5. The first
sum in δ for t1 hopping produces the γ1 (k) factor, and the
second sum produces the fSL (k) function, which can assume
fc (k) or fm (k), as defined in Eqs. (5) and (6), depending on
the definition of ti j . This completes our demonstration of the
relation presented in Sec. II.
APPENDIX B: THE A2g VERTEX
In this Appendix, we show how to extract a nonzero
response in the A2g symmetry. The expression of the A2g vertex
was defined in Sec. III and is written as



















We must emphasize that H(k) is a matrix and not a pure
function of momentum k. Therefore, the commutator defined
above does not vanish. To go further, we can make use of the
Pauli matrices σα (α = 1, 2, 3) together with the identity and
rewrite H(k) as
H(k) = A(k)1 + Re[(k)]σ 1 + Im[(k)]σ 2 + B(k)σ 3,
(B3)
where 1 is the identity matrix and
A(k) = ε(k) + ε(k + Q)
2
, (B4)
B(k) = ε(k) − ε(k + Q)
2
. (B5)
From this point and on, we change the notation for the imagi-
nary part Im[(k)] ≡ ′′k, as well as the real part Re[(k)] ≡
′k, and use the commutation relations of Pauli matrices to
















































In our model, we explicitly define the form of (k). With this
definition, all the contributions that involve derivatives of the
real part vanish identically because it is a constant defined by
the parameter 0. The only term that survives is the first one
on the right-hand side. Therefore, we have












From this result, we can check if γA2g (k) is invariant
under time-reversal symmetry. For spinless particles, the time-
reversal operator T is directly connected to the complex
conjugation K , i.e., T = K . If a particular operator is invariant
under time-reversal symmetry, this means that
T ÂT −1 = Â. (B8)
For our vertex γ̃A2g (k), it follows that
T γ̃A2g (k)T −1 = −γ̃ A2g (k). (B9)
However, the time-reversal operation also changes momen-
tum from k → −k. Here, we keep in mind the definitions of
B(k) in Eq. (B5) and (k) = 0 ± iSL fSL(k). The function
B(k) is always even because the dispersion ε(k) is even. For
the imaginary part of (k), we consider the dispersions from
the two spin liquids. For the chiral spin liquid, fc(k) is even,
while for the modulated spin liquid, fm(k) is odd. Therefore,
we conclude that
fc(−k) = fc(k), (B10)
fm(−k) = − fm(k). (B11)
These results show that in terms of time-reversal symmetry
only the modulated spin liquid has a γ̃A2g (k) which is truly
time reversal invariant. In contrast, the chiral spin liquid
phase breaks time-reversal symmetry, as expected from the
definitions of what chiral phases should be [47].
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